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The tight-binding method is used to calculate the electronic densities of states of various models of
a-C. Both models generated using Tersoff’s potential and quantum mechanically derived forces show
7 and 7" states in the o gap in agreement with experimental data. The former models, however,
have an additional large peak at the Fermi level, which is shown to derive mainly from misoriented
pr orbitals and dangling bonds. The models do not support the presence of large aromatic ring
structures. We find that embedding the local 7 electron systems of small clusters in the rigid sp®
network leads to reduced level splittings and is thus consistent with the observed small optical gaps

< 2.5 €V.

The structure of dense and hard a-C films, often called
diamondlike carbon (DLC) is still controversial. For an
overview of a-C properties and deposition techniques, see
Ref. 1. In this paper, we focus on hydrogen-free films of
the type produced by laser ablation or high-energy ion-
beam deposition? on highly conductive substrates and
vacuum-arc generated mass-selected ion-beam (MSIB)
deposition.® Studies of the radial distribution function
by neutron diffraction? and electron energy loss spec-
troscopy (EELS) (Refs. 2 and 5) have suggested a large
fraction of sp® bonds, as high as 90%, for this form of
carbon. Here, we present a comparative study of the
electronic structure of different models®” for this mate-
rial. Our main findings are that (1) semiempirical poten-
tial models® have adequate clustering of threefold sites
but lead to an excessive number of states at Er due to
a lack of local bond rearrangements favoring 7 bonding;
(2) contrary to an existing theory,® aromatic structures
are not needed to explain the small optical gaps and not
supported by either set of models.

Recently, Kelires® generated models of a-C by means
of a Monte Carlo method and the semiempirical Tersoff
potential.® While models generated at low pressure, re-
ferred to as e-C (e for evaporated) had ~ 90% threefold
sites, high pressure led to models (¢-C) (¢ for ion beam)
with ~70-90% fourfold sites. The high pressure can be
thought of as representing the local stresses generated in
the films under high-energy ion deposition conditions.'®
However, it was found that many of the fourfold sites are
in a state of high local stress. Upon annealing, this state
relaxes to an sp?-rich phase denoted as i-C*, which, how-
ever, roughly maintains the high density and bulk modu-
lus of i-C. Evidence that cross-linked sp? sites contribute
to rigidity can be derived from the hardness of magnetron
sputtered a-C.! The mechanical properties are macro-
scopic averages and thus do not provide a stringent test
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of the microscopic structure. Apparently, high bulk mod-
uli and densities can be obtained from models which are
rather different in their sp? content and local structure.
A more stringent test is provided by the electronic struc-
ture which, for example, can be compared to EELS and
optical absorption data.

Here, we use the tight-binding method to calculate
the electronic densities of states of the models produced
in Ref. 6. The parameters in our semiempirical tight-
binding Hamiltonian were adjusted so as to give a fairly
accurate band structure for both graphite and diamond
and the ideal diamond {111} surface with and without
hydrogen. Details are given in Ref. 11. Here we just
note that the bandwidths of diamond and of the o and
7 bands of graphite and their relative position are well
reproduced. Also, a dangling bond in the middle of the
gap is correctly obtained for the ideal diamond {111}
surface. Because of the limitation to nearest neighbor
interactions, the band gap of diamond, however, comes
out to be direct at the I" point. On the other hand, this
higher direct band gap compensates for the underesti-
mate due to the local density approximation. Thus, our
effective band gap for diamond is ~5 eV, in close agree-
ment with experiment. For graphite, the splitting of the
m-state maxima in the density of states corresponding to
the M-critical point is ~6 eV instead of ~4 eV. Because
both of these shortcomings are related to long-range or-
der, we believe that they are not too important for our
present study of a-C. Standard diagonalization methods
are applicable because the models have periodic bound-
ary conditions. The densities of states of the a-C models
are calculated by summing over four special k points.

The structural properties of the models are summa-
rized in Table I. The :-C model does not have any clus-
ters larger than pairs. The i-C* model has mostly larger
clusters of sp? sites but only a small number of closed
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TABLE 1. Structural properties of the models. suitably adapted!! to C.13 We see that in contrast to the
- - WWW model, the three models generated by the Monte
Percentages® +c_ eC FMD  Carlo method [shown in panels (b)-(d)] have a broad dis-
fourfold 72 28 11 51 tribution of m bonding and antibonding states as well as
threefold 28 70 84 47 a significant density of states near the Fermi level Er in
twofold 0 2 5 2 the gap between o and o* bands. We also note that the
isolated 50 5 0 7  o-state valence band DOS becomes narrower and the o
in isolated pairs 50 3 0 13 gap widens from the WWW to i-C to i-C* to e-C model,
in larger clusters 0 92 100 80 i.e., with decreasing sp® content. 'Iz‘his is consistent with
density (g/cm’) 3.2 2.9 20 3.0 1]:)}1(6) ;tl"ontgl::r m—planefaﬂll)on.dé in sz:i -lbl(l)nded l:.ar}ll)on. Ehi
average bond length ()  1.53  1.48 147 1.52 10 the g gap ol the 1-L model nas a Ligh peax a

®First three rows: % of total; next three rows: % of threefold.

rings consisting purely of sp? sites and no odd-membered
rings at all. Most of the rings contain both sp? and sp3
atoms and are not flat. No regions of fused flat sixfold
rings are present. Although this is not surprising for i-C
with a sp® site concentration of up to 90%, it is also true
for i-C* and e-C and conflicts with models proposed by
Robertson and O’Reilly® and Tamor and Wu.'2 In those
models, the presence of fairly large graphitic regions is
postulated in order to explain the occurrence of a rather
small optical gap in a-C and a-C:H films (0.5-2.0 eV).
The results for densities of states (DOS) are shown in
Fig. 1. The DOS of panel (a) is for the fully fourfold coor-
dinated 216-atom Wooten-Winer-Weaire model (WWW)
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FIG. 1. Densities of electronic states for (a) the WWW

model of Ref. 13, adapted for C as described in Ref. 11, (b)
e-C, (c) i-C*, and (d) i-C models of Ref. 6, and (e) a-C of
Ref. 7. The o, 0", m, #" peaks referred to in the text are
indicated. The Fermi energy is at zero.

Er with only small “wings” of 7-bonding states. The in-
crease in 7 peaks in the i-C* model is consistent with the
significantly reduced number of isolated sites. However,
Table I indicates that the states at Er cannot be exclu-
sively attributed to isolated sites. In fact, there are very
few isolated threefold sites in the i-C* and e-C models.
To elucidate the origin of the states at Er, we note that
pr orbitals (i.e., p orbitals perpendicular to the local sp?
plane) at neighboring sp? sites only form 7 bonds effec-
tively if they are nearly parallel. For orbitals oriented
relative to each other by a dihedral angle 6, the 7 inter-
action is reduced by cosf. For a random distribution of
0, z = cos@ has a 1/4/1 — z2 distribution, which would
still predict a two peaked density of the corresponding
electronic states. However, a lack of coplanarity of the
sp? orbitals implies a rehybridization towards sp®, which
leads to a third peak at Er. The states at Er are thus
intermediate in character between sp® “dangling bonds”
and lone-pair p states and indicate that the threefold sites
are generally not truly sp?-like. See Stephan and Haasel4
for further discussion of topologial = defects.

The total number of states in the o gap increases from
i-C to i-C* to e-C. This means that sp> sites were con-
verted into sp? sites, in agreement with the statistics of
Table I and consistent with the annealing mechanism de-
scribed in Ref. 6. The slightly increasing average m-n*
splitting from i-C to i-C* to e-C is consistent with the
decrease in average bond length. The total number of
states in the o gap irrespective of whether they occur at
Ep or as 7 or w* states is in closer agreement with exper-
iments on MSIB carbon® for i-C than for i-C*. That i-C
is a better model for as-formed MSIB carbon was also
concluded from a detailed comparison of the structure
factor.!®> The i-C* model, however, may be relevant to
high-temperature annealed MSIB carbon.

Models generated by molecular dynamics (MD) us-
ing quantum mechanically calculated forces”'16:17 do not
show a peak at Ep. To ensure that the peak at Er for
the Tersoff models is not due to an artifact of our tight-
binding (TB) Hamiltonian, we used it to calculate the
DOS for a 3.0 g/cm® model of 128 atoms produced by
Frauenheim et al.” using an approximate local density
approximation scheme and molecular dynamics (LDA-
MD). The present work is denoted F-MD. The result
in panel (e) of Fig. 1 shows only a small DOS at Ef,
in good agreement with the corresponding LDA results
published in Fig. 12 of Ref. 7. The 7 and n* peak po-
sitions, however, are similar to those in Kelires’s models.
We next compare both models’ distribution of 7 states
to experiment.
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The strong peak in DOS near EF is in conflict with the
high resistivity of DLC, with the existence of an optical
gap and the absence of a signature from states at Ef in
carbon-K-edge and low-energy EELS spectra. Carbon-
K-edge EELS gives information on the separation of the
7m* state from the inflection point of the o* band onset.
These spectra in the near-edge region are dominated by
the transitions from the C(1s) level to unoccupied states
and thus give information on the lowest unoccupied DOS.
The measured 7*-0* separation is 6.1 eV in graphite, 5
eV in typical a-C, and 3.4 eV in MSIB carbon. While the
m* peak is about equally intensive in typical (low-energy
deposition) a-C and in graphite, it is 3-5 times weaker
in MSIB carbon.?5 We find for this splitting 5 eV for
e-C and graphite, 4.5 eV for :-C*, and 3 eV for i-C, in
fair agreement with the experimental trend. Intensities
are more difficult to compare because of matrix-element
effects, but appear reasonable.

The peak in the low-energy EELS at 4.8 eV in a-C and
6.2 eV in graphitized carbon® is associated with # — 7*
transitions, sometimes termed a 7 plasmon.!®!® It was
also observed in the films made by Cuomo et al.? In
graphite, the 6 eV peak in the loss function —Ime™? is
associated with a peak at 4 eV in e3(w) (Ref. 20) corre-
sponding to a critical point transition at M. Similar peak
shifts between the loss function and €;(w) obtained from
it by Kramers-Kronig analysis were obtained for a-C:H
by Fink et al.2! We would thus expect the loss feature to
occur at slightly higher energy than our calculated peak
splittings. On the other hand, our TB Hamiltonian over-
estimates the M critical point transition in graphite, as
mentioned earlier. There may thus be some compensa-
tion of these two effects. We find = — n* splittings of 6
eV, 5 eV, and 4 eV for e-C, i-C* (and F-MD), and i-
C, respectively, in satisfactory agreement with the data.
We note that in MSIB carbon the 7-7* transition could
not be detected in low-energy EELS,® while the 7* peak
was detected in K-edge EELS. This is consistent with the
electronic structure of a 64-atom model with 83% sp® and
p = 3.3 g/cm® generated by LDA MD,” in which the «
states merge with the broader o valence band while the
7* remains clearly visible in the gap.

To further investigate the nature of the m and Ep
states, we have performed separate calculations of the lo-
cal (L)DOS of models with specific clusters of sp? sites,
embedded in an otherwise fully fourfold coordinated net-
work represented by the WWW model.!® These sites
were created by breaking bonds and relaxing the struc-
ture to a local minimum with the Tersoff potential and a
static variable metric relaxation method.'! These LDOS
(shown in Fig. 2) indicate that the w-7* splitting is ~5.1
eV for a pair of m-bonded sp? sites, ~3.1 eV for a typical
triplet, and ~1.7 eV for a hexagonal ring.

In the case of the triplet [panel (b)], a peak is obtained
at Fr. Examination of the local configuration reveals
that this triplet is better described as a pair of sp? sites
linked to an “sp3-hybridized” dangling bond site. Indeed,
the peak at Ep is mostly centered on the atom on the
right and has a significant s contribution. One also sees
that the sp? planes of the pair are not quite parallel and
this accounts for the reduced splitting of the w-7* peaks.
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Similar effects of local distortions were noted on other
local configurations and provide evidence for our inter-
pretation of the origin of the states at Er given above.

The spectrum of the hexagon model [panel (c)] can be
viewed as a modification of the four level spectrum of
benzene [-28 (1), —8 (2), B (2), and 23 (1), with the
number in parentheses being the degeneracy]. Because
the embedded hexagon is not exactly planar and does not
have all bond lengths equal, the degeneracy of the two
inner peaks is lifted. The characteristic splitting is 8 =
1.8 eV instead of the ~3 eV for molecular benzene. The
degeneracy lifting further reduces the gap. This shows
that even for a single hexagon of sp? sites a gap < 2 eV
can be obtained. We note that there is a considerable
spread of the characteristic splittings of the embedded
molecular fragments. For example, another hexagonal
fragment gave a local gap of ~ 3 eV.

The reduction of the splitting from that in the isolated
molecules is attributed to the effects of the embedding.
The latter leads to distortions in local bond lengths, dihe-
dral distortions, and distortions from the local planarity
or linearity of the molecular fragments. This leads to
coupling between the #- and o-electronic systems and
to delocalization of the 7-electronic states to the sur-
rounding medium. This effectively reduces or renormal-
izes the 7 interactions in a manner reminiscent of the
reduction of the Coulomb interaction between different
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FIG. 2. Local densities of states for (a) a pair, (b) a
triplet, and (c) a hexagon of m-bonded neighboring sp® sites
embedded in the WWW model. The local atomic configura-
tions are shown as insets. The LDOS is a sum over the atoms
indicated by arrows.
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charge states of an impurity embedded in a semiconduc-
tor in the Haldane-Anderson model.?2

The effective optical gap is determined by the small-
est m-7* splitting which occurs with non-negligible abun-
dance and not by the most predominant splitting. The
rather large m-7* average peak splitting in all the models
indicates that the majority of the p, orbitals only partic-
ipate in small 7 bonding groupings. In the larger clusters
lone pair p orbitals and dangling bonds usually interrupt
the conjugation of m electrons. This is consistent with
the insulating character of materials with high sp® con-
tent. Although there is clustering of sp? sites driven by
m-bonding stabilization in the Frauenheim models, the
equally occurring fivefold, sixfold, and sevenfold rings are
strongly cross linked by inclusion of at least one or two
sp? sites. They are, thus, not aromatic. In MSIB C, the
occurrence of a separate (and aromatic) sp? phase is very
difficult to envision because the sp? concentration is only
10-15%. Both types of models studied here indicate the
absence of aromatic regions even in lower density a-C.
The LDA-MD calculations indicate that this also holds
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true in hydrogenated a-C:H.”

In conclusion, both Tersoff-potential and LDA derived
models of a-C have electronic structures in fair agreement
with experimental EELS data except that the Tersoff-
potential models have too large a density of defect states
at Ep. The latter is primarily due to incorrect hybridiza-
tion (too much sp*-like even at threefold sites) and dihe-
dral disorder and not to a lack of clustering of threefold
sites. The previously postulated existence of extended
aromatic regions is not supported by the models. In
addition, it is found to be unnecessary to explain the
small gaps when the embedding effects on local molecu-
lar structures is taken into account.
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